With the progress in surgical techniques and management of complications, pancreatic resection can be safely performed in experienced hospitals. Pancreatic resection enables surgeons to assess the effect of surgery for metastatic cases, even when there is limited information. In the present study we evaluated the role of primary tumor resection for metastatic pancreatic cancer (mPC) by using the Surveillance, Epidemiology and End Results (SEER) database.
Background
Pancreatic cancer (PC) is among the most frustrating diseases for clinicians, and it has an extremely poor prognosis [1] .
By the year 2030, it is predicted to become the second leading cause of cancer-associated mortality in the USA [2] . Because of the late onset of symptoms and early metastasis, over 50% of patients present with metastatic disease. Surgical resection, which is the only way to achieve long-term survival, is commonly unavailable for these people [3, 4] .
Regarding the choice of surgical resection, several classifications primarily focus on the vascular attachment status of the primary pancreatic tumor [5, 6] . According to the National Comprehensive Cancer Network guideline, local resectability is generally classified as resectable, borderline resectable, or locally advanced (irresectable), whereas metastatic disease is not fully included in this definition. During the last decade, with the regionalization of pancreatic surgery into high-volume medical centers, the resection rate has increased to about 60% and the indications for surgery have been extended [7] . Therefore, dilemmas often arise in daily clinical practice: patients develop metastatic disease, and primary tumors appear to be resectable. In this setting, surgery is occasionally performed according to the surgeon's experience and individual wishes, but its impact on survival has not been clearly elucidated.
Evidence from some other solid malignancies, such as metastatic breast cancer [8] , metastatic renal-cell cancer [9] , and metastatic colorectal cancer [10] , has shown favorable outcomes for primary tumor resection, whereas minimal data exist for metastatic pancreatic cancer. This may be due to a skeptical attitude towards the safety and efficacy of surgery for pancreatic cancer [11] . Recent progress allows pancreatic surgery to be safely performed, with low morbidity and mortality rates [12] . At present, postoperative mortality has fallen to well below 5% in experienced hospitals, giving surgeons impetus to assess the effectiveness of surgery in metastatic cases [13] [14] [15] [16] . However, the existing recommendations are controversial. Some case studies reported that resection is beneficial in well-selected patients [17] [18] [19] [20] [21] [22] . By contrast, a few surgical series demonstrated that resection of the main tumor and its metastatic lesions conveyed no survival benefit, and resection could not be recommended [23, 24] . No credible conclusion can be drawn from these studies, as they are all small and nonrandomized, and are selected cohorts from single institutions. Thus, the exact role of this unconventional therapy merits more systematic valuation.
Therefore, we conducted this study with a large populationbased cohort based on SEER data. The prognostic value of primary tumor resection for metastatic pancreatic cancer was evaluated after minimizing possible selection bias by propensity score matching.
Material and Methods

Data source
By using de-identified data exempt from supervision by the Institutional Review Board, we conducted a retrospective analysis using the Surveillance, Epidemiology and End Results (SEER) program. The SEER program is a population-based cancer registry covering about 28% of the US population. It primarily collects data on patient demographics, tumor characteristics, therapies, and end result [25] .
Study population
Based on the SEER database submitted in November 2017, we obtained a total of 60 229 pancreatic patients aged 18+ years with clinical stage IV (anyTanyNM1) between the years 2004 and 2015. We set the following inclusion criteria: (a) active follow-up case (exclude "autopsy only" or "death certificate only" case); (b) histology codes: 8000, 8010, 8020, 8050, 8140, 8144, 8141, 8210, 8211, 8255, 8260, 8261, 8262, 8263, 8490, 8500, or 8560 according to the third edition of the International Classification of Diseases for Oncology (ICD-O-3) (exclude enterochromaffin tumors, neuroendocrine tumors, and lymphomas); (c) primary pancreatic cancer in the patient's lifetime; (d) survival time between 3 and 60 months; (e) no surgery of distant site; and (f) clear information on tumor characteristics and therapies (surgery type, T stage, N stage, tumor size, and grade). The included patients were partitioned were divided into 2 groups according to whether they had undergone primary tumor resection.
Statistical analysis
Baseline differences between the 2 groups were analyzed utilizing the Pearson chi-square test or Fisher exact test, as appropriate. Since patients were not randomly assigned to get every treatment, propensity score matching (PSM) was performed to help limit selection bias [26, 27] . Firstly, a measure assessing the degree to which a covariate confounds the treatment impact on result was proposed [28] . Covariates with a vast degree (relative effect >0.1) are potential candidates for inclusion in the PSM model. Then, greedy different proportional algorithms were used to match patients who underwent primary tumor surgery to those that did not, based on a range of ±0.05 of the propensity score. The matching range of ±0.05 was selected because it offers balance of the included covariates, and does not lose many treated people as unmatchable. After PSM, the standardized differences were calculated for balance checks of covariate distributions between the treatment groups. The cut-off point at which a decision about balance is made is set to 10 [29, 30] . 
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Within the matched patient group, scaled Schoenfeld residuals analyses were conducted to test proportional hazards assumptions after using Cox regression models. In case of nonproportionality, the restricted mean survival time (RMST) was conducted to estimate cancer-specific survival differences during a 20-month period [31] [32] [33] .
In addition, because propensity score matching can eliminate many patients and reduce power, a stabilized inverse probability of treatment weight-adjusted analysis (IPTW) based on the propensity score was performed [34] [35] [36] . The log-rank test was used to compare cancer-specific survival between treatment groups.
All statistical analyses were performed with R statistical software (www.r-project.org). Two-sided p values were considered statistically significant at p<0.01.
Results
Patient characteristics
After screening, a total of 2694 metastatic pancreatic cancer patients were enrolled in the formal analysis ( Supplementary Figure 1 ).
Of this population, 365 adults (median age 63 years, range 30-92 years) underwent tumor resection as part of first-course therapy. The major surgery type was Whipple (194, 53.2%). Patients were divided into 2 groups: a primary tumor surgery group and a no primary tumor surgery group. The clinicopathological characteristics are shown in Table 1 .
Propensity score matching
Because of differences between the 2 groups (p<0.05), propensity score matching (PSM) was performed to minimize the bias. After assessing the extent to which a covariate confounded the outcomes, the following variables were included in PSM (relative effect >0.1, Table 1 ): era of diagnosis, age at diagnosis, tumor location, marital status, grade, T stage, N stage, tumor size, chemotherapy, and radiotherapy. After 1: 1 and 1: 2 PSM, all covariates were well balanced by standardized differences (Figure 1 , Table 2 ). In addition, 1: 3 PSM was also tried in order to make full use of cases, which resulted in 2 imbalance covariates: chemotherapy and tumor size ( Figure 1 ). In this context, 1: 1 and 1: 2 PSM were determined as the basis of subsequent survival analysis. 
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Survival analysis
The median follow-up was 7 months. The median cancer-specific survival (CSS) of patients after resection of primary tumor was 9 months (range 3-59 months), which was longer than in patients without surgery (7 months, range 3-54 months). On univariate survival analysis, primary tumor surgery, era of diagnosis, age at diagnosis, grade, and chemotherapy were associated with CSS (p<0.001) in 2 PSM cohorts (Supplementary Table 1 ).
The following known prognostic factors variables were included in the multivariable analysis by the Cox proportional hazards model: primary tumor surgery, era of diagnosis, tumor location, T stage, N stage, tumor size, grade, marital status, chemotherapy, age at diagnosis, and radiotherapy. Then, the proportional hazards assumption for the Cox regression model fit was tested using scaled Schoenfeld residuals analysis. The results showed that P values of the overall model and some variables were less than 0.05 ( Supplementary Table 2 ). Thus, the proportional hazards assumption was violated. In this case, restricted mean survival time (RMST) was used to estimate the survival differences during a 20-month period, as over two-thirds of the population had died by this time-point after their diagnosis. The RMST differed significantly between the primary tumor surgery group and the non-surgery group (1: 1 PSM: 11.60 months vs. 8.98 months, p<0.01; 1: 2 PSM: 11.61 months vs. 9.10 months, p<0.01) (Figure 2 , Supplementary Table 3 ). The difference in RMST between the 2 groups was 2.6 months (95%CI 1.7-3.5) and 2.5 months (95%CI 1.7-3.3) for the 2 PSM cohorts. In addition, after adjusting for important prognostic factors using a ANCOVA type adjusted analysis [32] , patients who underwent surgery still had longer survival on average than those in the non-surgery group (p<0.01). A stabilized inverse probability of treatment weight-adjusted analysis yielded similar results (IPTW) (p<0.01) ( Figure 3 ).
Discussion
To the best of our knowledge, this study is the first to use propensity score matching to assess the effect of primary tumor 8235 resection in patients with mPC. We found a clear association of primary tumor resection with prolonged cancer-specific survival. One of the greatest potential strengths of our study is that it was performed in a real-world, large-scale cohort, and thus provides more powerful evidence than previous publications. Propensity scores were calculated and restricted mean survival time was estimated in the absence of proportional hazards assumptions. Moreover, a stabilized inverse probability of treatment weight-adjusted analysis also showed the benefit of resection.
Chemotherapy is the cornerstone of management for metastatic PC. During the last 17 years, new intensive chemotherapeutic combinations (FOLFIRINOX and gemcitabine plus nab-paclitaxel) have been the most commonly administered first-line therapies. They not only prolong overall survival, but also offer the possibility of good tumor response [37, 38] . Consequently, some previously unresectable patients were being reconsidered for surgery after chemotherapy. In a study conducted at the University of Heidelberg, 575 patients with locally advanced and unresectable PC received neoadjuvant treatment.
After re-staging, 292 patients underwent resection (including 51 of the 135 patients with metastatic disease), and the survival rate of patients who underwent resection was higher than that of patients who only underwent exploration (15.3 months vs. 8.5 months, P<0.0001) [39] . In another retrospective study of 22 metastatic PC patients, primary tumor size decreased from 31 to 19 mm after chemotherapy and R0 resection was achieved in 88% of cases. The results showed an overall survival of 56 months and a progression-free survival of 27 months for patients after surgery [40] . By comparison, our investigation found only modest benefits for surgical patients (9 months vs. 7 months, p<0.01). This was partly due to the differences in cohort size, chemotherapy regimen, and inclusion criteria. We were not sure all surgical patients had a good treatment response, and those diagnosed before 2011 were less likely to have received the new intensive regimens. However, our study showed that a large proportion of patients who underwent resection presented with head tumors (64.1%), which become symptomatic earlier than malignancies in other locations, and these patients were relatively easy to diagnose and treat early. 
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From the perspective of tumor pathophysiology, the practice of primary tumor resection also has a theoretical basis. Pancreatic cancer is a highly stroma-abundant, tough tumor [41] . The dense fibrotic stroma obstructs entry of chemotherapeutic drugs into the tumor, causing a poor treatment response [42] . Moreover, the stroma has important biochemical and physical effects in promoting tumor survival, proliferation, and metastasis [43, 44] . Differences in stromal density between primary and metastatic lesions may contribute to a discrepancy in therapeutic response. Therefore, it seems logical that low tumor burden increases the success of chemotherapy for mPC. In other cases, detecting the existence of micrometastasis is difficult. Metastases are often founded in the operating room. This leaves surgeons with a tough choice: the primary tumor seems to be resectable, the patient's performance status is good, the surgeon has confidence in the low risk of complications, and the patient's relatives strongly support the removal despite having been informed of the danger. In a report published by Kim et al. [45] , 115 patients were confirmed as having mPC during surgery, and 35 of them underwent primary tumor resection. The results showed that the survival rate of the resected patients was significantly better than that of unresected patients (p<0.001). Although surgery is a passive decision in this condition, favorable outcomes cannot be overlooked.
Apart from primary tumor resection, surgery for micrometastasis has drawn increased attention in recent years [22, 23, [46] [47] [48] .
With the increasing use of contrast enhancement and rapid multislice computed tomography, a growing number of pancreatic cancer patients presented with oligometastases and a resectable primary lesion [49] . In this setting, synchronous or metachronous metastasectomy may be appropriate, together with pancreatic resection. Tachezy et al. reported that patients who underwent simultaneous pancreas and liver metastasis resections had longer overall survival than non-resected mPC patients (median overall survival 14 months vs. 8 months, p<0.001). In subgroup analysis, they demonstrated that only patients with pancreatic head tumor benefit from surgery (median overall survival 13.6 vs. 7 months, P<0.001) [50] . In contrast, a study by Seelig et al. identified 20 metastatic pancreatic cancer patients and performed surgery and metastasectomy.
The mean postoperative survival was 10.7 months, which was not significantly different from a matched-pair group (15.6 months; P=0.1) [17] . They concluded that synchronous resection remained an individual approach for super-selected patients only. Limited by data of the SEER database, our current analysis only evaluated the prognostic value of primary tumor resection. After propensity score matching, surgical patients were found to have longer RMST than non-surgery patients (1: 1 PSM 11.60 months vs. 8.98 months; 1: 2 PSM 11.61 months vs. 9.10 months; p<0.01). A stabilized inverse probability of treatment weight-adjusted analysis was conducted to make full use of this large cohort, and we found that the survival benefit was still driven by the resected patients (p<0.01).
Our study revealed primary tumor resection can be beneficial in patients with mPC. However, as patients were selected in the non-randomized setting, our findings cannot be used to suggest that primary tumor resection should be performed more frequently. Our central goal was to encourage the involved oncologists to critically revisit the impact of surgery in the treatment of metastatic PC.
In addition, we would like to acknowledge other limitations of this study. Firstly, inherent selection bias cannot be excluded due to its retrospective nature. Secondly, the SEER registry does not provide any data on performance status, volume, or location of the metastases, comorbidity, and other important factors. Thirdly, information about the time interval between resection and the onset of chemotherapy may affect prognosis and is crucial for clinical practice.
Conclusions
In conclusion, our study supports the hypothesis that patients with mPC can benefit from primary tumor surgery. We speculated that patients with oligometastasis after chemotherapy can be considered for resection. However, the surgical inclusion criteria and the appropriate role of surgery, such as its effect on symptom control, quality of life, and the extent to which it prolongs survival, still require thorough evaluation through well-designed, prospective, randomized clinical trials. 
